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ABSTRACT
The horizontal-tube, falling film heat exchanger has advantages over flooded bundles and finds widely use in vaporcompression and absorption systems for air-conditioning and refrigeration. The effects of the liquid feeding
temperature on inter-tube falling-film heat transfer behavior are investigated experimentally for distilled water, pure
ethylene glycol and Dowtherm 4000. It is found that the liquid feeding temperature significantly impacts the heat
transfer coefficient for a fluid with a large viscosity (such as pure ethylene glycol and Dowtherm 4000), but has
almost no effect on the heat transfer coefficient for a fluid with a small viscosity (such as water). It is also observed
that the fluid thermophysical property changes associated with feeding temperature changes from about 20 to 45°C
have a significant effect on the Nusselt number at a fixed Reynolds number. The Nusselt number increase is around
50% with a decreased liquid feeding temperature from 45 °C to 20 °C for water at Re ≈ 600. For pure ethylene
glycol and Dowtherm 4000, the Nusselt number increases around 100% and 80% with a decreased liquid feeding
temperature from 45 to 20°C at Re ≈ 30, respectively.

1. INTRODUCTION
Falling-film heat exchangers are different from flooded-bundle heat exchangers. In a falling-film heat exchanger, the
tubes are surrounded by the thin liquid film instead of being immersed in a pool of liquid. Falling-film heat
exchangers have several advantages over flooded-bundle heat exchangers, for example: higher heat transfer
coefficients, lower liquid inventories, smaller volume, better oil return, and reduced manufacturing costs. Hence,
falling-film heat exchangers have been widely used in chemical processing, refrigeration, food processing, paper
making, desalinization and petroleum refining.
Over the past three decades, experiments directed at characterizing the falling-film heat transfer have been reported
and empirically based prediction equations have been developed. Mitrovic (1986) studied flow rate and tube spacing
effects on the heat transfer to falling films with water as the working fluid, and provided a correlation to predict the
Nusselt number at Re=160~560 with a constant liquid feeding temperature of 25°C (see definitions of
nondimensional numbers in Table 1):

Nu 

0.01374Re0.349 Pr 0.5 1  s /d 



1  exp 0.0032Re1.32

0.158



(1)

Rogers and Goindi (1989) investigated the falling-film heat transfer coefficient distribution around a large-diameter
horizontal tube for Re<2000 and observed that the heat transfer coefficient was large at the top of the tube, then
decreased and increased with an increased circumference angle, and finally decreasing again when falling film
approaching the bottom of the test tube.
Hu and Jacobi (1996) explored the falling film heat transfer behavior for different flow regime. Based on data for
water, Dowtherm 4000 (a fluid mixture of 92.4 wt% ethylene glycol and 7.6 wt% inhibitors and water) and
water/Dowtherm 4000 mixtures, they provided a set of equations for predicting the Nusselt number for three fallingfilm modes (see definitions of nondimensional numbers in Table 1):
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0.28 0.14 0.20
Ar
 s /d 
Sheet mode: Nu  2.194Re Pr
0.42 0.26 0.23
Ar
 s /d 
Jet mode: Nu  1.378Re Pr

0.07

0.08

0.85 0.85 0.27
Ar
 s /d 
Droplet mode: Nu  0.113Re Pr

(2)
(3)

0.04

(4)

Several extensive reviews of the literature on falling-film flow and heat transfer have been published, e.g., Killion
and Garimella (2001), Ribatski and Jacobi (2005), and Mitrovic (2005). However, reports on liquid feeding
temperature effects on intertube falling-film heat transfer are limited in the open literature. Ganic and Roppo (1980)
found that falling-film heat transfer coefficient is not significantly dependent on the liquid feeding temperature for
water. However, because the heat transfer coefficient of a thin-film flow depends on the film thickness a fluid with a
strong viscosity dependence on temperature might manifest a larger effect, due to the association between the fluid
viscosity and the film thickness (Ribatski and Jacobi, 2005). Moreover, the Nusselt number would also vary with the
liquid feeding temperature, due to fluid property changes with temperature. Therefore, it is of interest to investigate
the liquid feeding temperature effects on the falling-film heat transfer behavior for fluids with different viscosities.
In this paper, the falling-film heat transfer behavior on horizontal tubes will be explored at liquid feeding
temperatures of 20°C to 45°C for distilled water, pure ethylene glycol and Dowtherm 4000. Both the behavior of
heat transfer coefficient and the Nusselt number with the liquid feeding temperature will be investigated.

2. EXPERIMENTAL APPARATUS AND PROCEDURES
A schematic diagram of the experimental apparatus is provided in Figure 1. There are two liquid circuits in the
setup: the falling-film circuit (in red) and the cooling water circuit (in blue). The falling-film circuit includes a test
chamber, a level adjustable stand, a pump with a programmable control, a flow meter and a needle valve. The test
chamber consists of a visualization chamber, a liquid distributor, a stabilizing tube, a test tube and a chilled box on
the top of the chamber to condense the evaporated liquid. The cooling water circuit includes a cooling coil and a
thermostatic bath to control the liquid feeding temperature. The lower part of the test chamber is a test fluid
reservoir. The test fluid was pumped from the reservoir, through the flow meter and the needle valve, and then into
the liquid distributor. The liquid went through a two-step distribution in the distributor (see Ruan et al., 2009, and
Ruan and Jacobi, 2011) for a detailed description of the distributor), flowed on the stabilizing tube to form a uniform
falling film, then reached the test tube, and finally returned to the reservoir. The liquid feeding temperature was
measured by a calibrated copper-constantan thermocouple (±0.1ºC) inserted and attached between the bottom of the
liquid distributor and the top of the stabilizing tube.

Figure 1: Schematic diagram of experimental apparatus

The stabilizing tube and the test tube were copper tubes with outside diameters of 19.0 mm and wall thicknesses of
1.6 mm. On the test tube, eight axial grooves, 1 mm deep, 1.2 mm wide and 101.6 mm long, were engraved at 45
degree intervals circumferentially. Calibrated 30-gauge copper-constantan thermocouples (±0.1ºC) were imbedded
in the grooves using a thermal epoxy (1.3 W/(m·K)). The placement of the thermocouples on the test tube is shown
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in Figure 2. The local heat transfer coefficients were calculated based on the local temperatures collected using a
data acquisition system. The overall heat transfer coefficient was determined by averaging 48 local heat transfer
coefficients acquired at six axial positions, uniformly spanning half the departure-site spacing at eight
circumferential angles (see Hu, 1995, for a definition of the departure-site spacing). Inside the test tube, an electricresistance heater was inserted with a thin layer of thermal grease applied between the outer surface of the heater and
the inner surface of the tube. The prescribed heat flux to the surface of the test tube was provided by the heater.

Figure 2: Thermocouple distribution on test tube (Ruan et al., 2009, Ruan and Jacobi, 2011)

The test fluids were distilled water, pure ethylene glycol and Dowtherm 4000. The properties of water and pure
ethylene glycol were obtained from the literature (Kays and Crawford, 1980, and Incropera and Dewitt, 1990) and
the properties of Dowtherm 4000 were obtained from the manufacturer.
The mass flow rate and the density of the test fluid were recorded by a multifunction flow meter with an uncertainty
of ±0.1% and ±0.5 kg/m3, respectively. The heat flux was determined by the voltage and the current measured by a
multimeter. The uncertainties were ±1.5% and ±3%, respectively.
The falling-film heat transfer coefficient and Nusselt number depend on the liquid flow rate, surface heat flux, tube
diameter, tube spacing, and temperature dependent fluid properties. The experimental ranges of these parameters
and dimensionless numbers in this work are summarized in Table 1.
Table 1: Experimental ranges of the physical parameters
Physical/Dimensionless parameter
Experimental range
0.02~0.31
Total mass flow rate per unit length, 
−4
6.0(10
)~3.5(10−2)
Fluid dynamic viscosity, 
998.2~1140.3
Mass density of the liquid, 
4.6(10−2)~7.3(10−2)
Surface tension, 
Thermal conductivity, k
0.250~0.635
Specific heat, cp
2328~4180
Tube spacing, s
0.01
Tube diameter, d
19.05(10−3)
Heat flux, q
7.4(103)~1.9(104)
Liquid feeding temperature, Tin
20, 25, 35, 45
6.8(104)~1.8(108)
Archimedes number, Ar=d3g/2
7.7(103)~2.5(1011)
Galileo number, Ga=3/g4
4.0~336.8
Prandtl number, Pr=cp/k
Up to 923
Reynolds number, Re=2/
Gravitational acceleration, g
9.81

Units
kg/m·s
kg/m·s
kg/m3
N/m
W/m·K
J/kg·K
m
m
W/m2
ºC
/
/
/
/
m/s2

The heat transfer experimental procedure consisted of filling experimental system with the test fluid, circulating the
test fluid in the system, leveling the test section, powering the heater, and turning on the thermostatic bath (see Ruan
and Jacobi, 2012, for a further description). The liquid feeding temperature and the surface temperatures of the test
tube were recorded when the system reached the steady state, which took around 1 hour. The mass flow rate of the
test fluid and the voltage and the current to the heater were recorded at the same time. In order to cover all fallingfilm regimes, the above procedures were repeated for a wide-range of liquid mass flow rates.
The local heat transfer coefficient, h  , z  , was calculated using the following equation (Hu and Jacobi, 1996):
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h( , z )  qo  , z  / To  , z   Tin 

(5)

where qo ( , z ) is the local outer-surface heat flux of the test tube, which was considered uniform because the tube
wall thickness was small and the circumferential heat conduction in the test tube could be neglected. To ( , z ) is the
local outer-surface temperature of the test tube, and Tin is the test-fluid liquid feeding temperature.  is the angular
coordinate, and z is the axial coordinate. The local Nusselt number is then determined using:



Nu  , z   h  , z   2 /  2 g



1/ 3

/k

(6)

with all fluid properties evaluated at Tin. This approach is consistent with prior work (Hu and Jacobi, 1996).
The overall heat transfer coefficient, h, and the overall Nusselt number, Nu, were obtained by averaging the local
heat transfer coefficients and the local Nusselt number under identical conditions. The uncertainty in the local heat
transfer coefficient and local Nusselt number depend not only on the experimental conditions but also on the axial
and angular locations. However, it was estimated that the typical uncertainty in the average heat transfer coefficient
was ±6%, and that of the average Nusselt number was ±8%.

3. RESULTS AND DISCUSSION
3.1 Distilled Water
The falling-film heat transfer coefficient is plotted against the total mass flow rate per unit length at liquid feeding
temperatures of 20°C, 35°C and 45°C for water in Figure 3. The uncertainty of each measurement is also indicated
in Figure 3. It can be clearly seen that with an increased liquid feeding mass flow rate, the heat transfer coefficient
increases nonlinearly: the heat transfer coefficient increases sharply with  when  is small ( < 0.1 kg/m·s), and
the increase in h becomes less significant when  is further increased. When comparing the heat transfer coefficient
at different liquid feeding temperatures at a fixed , it can be seen from Figure 3 that the liquid feeding temperature
does not strongly affect the heat transfer coefficient for water. When  is larger than 0.1 kg/m·s, the heat transfer
coefficient at a low liquid feeding temperature (20°C) is slightly smaller than that at a larger liquid feeding
temperature (45°C). However, the differences are almost within the uncertainty of the heat transfer coefficient. The
conclusion for the falling-film heat transfer coefficient for distilled water agrees well with the observation of Ganic
and Roppo (1980).

Figure 3: Heat transfer coefficient behavior with mass flow rate per unit length for water at inlet temperatures of
20°C, 35°C and 45°C.
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The falling-film heat transfer coefficient for water is also plotted against the film Reynolds number at the liquid
feeding temperatures of 20°C, 35°C and 45°C in Figure 4, where again fluid properties are evaluated at Tin. When
the Reynolds number is small (Re < 200), the heat transfer coefficient at a low liquid feeding temperature (20°C) is
larger than that at a high liquid feeding temperature (45°C). Similar behavior can also be observed when Re > 200 in
Figure 4; however, the differences in h at different liquid feeding temperatures are again almost within uncertainties
of the heat transfer coefficients. By comparing Figure 3 and Figure 4, it is easy to understand the different behavior
of heat transfer coefficient with mass flow rate per unit length and with Reynolds number at different liquid feeding
temperatures. Due to the definition of Reynolds number and the strong associations of fluid properties to fluid
temperature, the curves in Figure 3 shift to the left if it is plotted against Re instead of , and the shift is more
pronounced for a low temperature than for a high temperature. Hence, a higher heat transfer coefficient at the same
Re is observed at the liquid feeding temperature of 20°C than at 45°C in Figure 4.

Figure 4: Heat transfer coefficient versus Reynolds number for water at inlet temperatures of 20°C, 35°C and 45°C.

The Nusselt number behavior with the Reynolds number at the liquid feeding temperatures of 20°C, 35°C and 45°C
for the distilled water is shown in Figure 5. It is shown that at a fixed Re, the Nusselt number at a low liquid feeding
temperature is much larger than that at a high liquid feeding temperature. The difference in Nu at different liquid
feeding temperatures is small at a small Re, and increases with Re. The maximum difference is observed when Re is
around 600 in our experimental range: The Nusselt number at the liquid feeding temperature of 20°C is around 1.5
time that at 45°C. These differences are almost entirely due to fluid property changes.

Figure 5: Nusselt number versus Reynolds number for water at feeding temperatures of 20°C, 35°C and 45°C.
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3.2 Pure Ethylene Glycol
The falling-film heat transfer coefficient plotted against the mass flow rate per unit length at the liquid feeding
temperatures of 20°C, 35°C and 45°C for pure ethylene glycol is given in Figure 6. As with water (cf. Figure 3) the
heat transfer coefficient increases nonlinearly with an increased mass flow rate per unit length. However, the
dependence of h on the liquid feeding temperature for ethylene glycol is more pronounced than it is for water. With
an increase in liquid feeding temperature, the heat transfer coefficient increases at a fixed . This stronger
dependence can be attributed to the stronger dependence of viscosity on temperature for ethylene glycol as
compared to water: for ethylene glycol the absolute value of d/dT is about twenty times that of water. As the
temperature is increased, the viscosity of ethylene glycol decreases, the film thickness is decreased, velocity and
temperature gradients in the film increase. Hence, the heat transfer coefficient increases with liquid feeding
temperature. The average heat transfer coefficient at 45°C is around 11% larger than that at 20°C when  > 0.05
kg/m·s. When  < 0.05 kg/m·s, h can be even higher, which could be due to the uneven film thickness induced by
the liquid dripping in droplet mode or shifts in flow mode associated with property changes.

Figure 6: Heat transfer coefficient behavior with mass flow rate per unit length for pure ethylene glycol at inlet
temperatures of 20°C, 35°C and 45°C.

The falling-film heat transfer coefficient is plotted against the film Reynolds number at liquid feeding temperatures
of 20°C, 35°C and 45°C for pure ethylene glycol in Figure 7. Comparing to Figure 6, the effect of liquid feeding
temperature is less obvious when h is plotted against Re.
The Nusselt number behavior with the Reynolds number at the liquid feeding temperatures of 20°C, 35°C and 45°C
for pure ethylene glycol is shown in Figure 8. When the falling-film heat transfer behavior for pure ethylene glycol
plotted nondimensionally, the liquid feeding temperature has significant effects on Nusselt number. With an increase
in liquid feeding temperature, the Nusselt number decreases at a fixed Re. This behavior is opposite to that observed
in Figure 6. Moreover, the effects are more notable at a large Re than that at a small Re. For Reynolds number
around 30, the Nusselt number at the liquid feeding temperature of 20°C is approximately 1.5 times of that at 35°C,
and is about two times of that at 45°C.

3.3 Dowtherm 4000
The falling-film heat transfer coefficient is plotted against the mass flow rate per unit length at liquid feeding
temperatures of 20°C, 25°C, 35°C and 45°C for Dowtherm 4000 in Figure 9. Similar as the behavior shown in
Figure 6, at a fixed , as liquid feeding temperature increases, the heat transfer coefficient also becomes larger. The
average increase in h at 45°C is around 16.2% of that at 20°C, which is slightly greater than that observed for pure
ethylene glycol. It can be also seen in Figure 9 that the heat transfer behavior is not sensitive to the liquid feeding
temperature within the range of 20°C ~ 25°C, when plotted dimensionally.
The falling-film heat transfer coefficient is plotted against the film Reynolds number at liquid feeding temperatures
of 20°C, 25°C, 35°C and 45°C for Dowtherm 4000 in Figure 10. As with pure ethylene glycol in Figure 7, the liquid
feeding temperature has little effect on the falling-film heat transfer coefficient for Dow thermal 4000.
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Figure 7: Heat transfer coefficient versus Reynolds number for pure ethylene glycol at inlet temperatures of 20°C,
35°C and 45°C.

Figure 8: Nusselt number versus Reynolds number for pure ethylene glycol at liquid feeding temperatures of 20°C,
35°C and 45°C.

Figure 9: Heat transfer coefficient behavior with mass flow rate per unit length for Dowtherm 4000 at inlet
temperatures of 20°C, 25°C, 35°C and 45°C.
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Figure 10: Heat transfer coefficient versus Reynolds number for Dowtherm 4000 at inlet temperatures of 20°C,
25°C, 35°C and 45°C.

The Nusselt number is plotted against the Reynolds number at liquid feeding temperatures of 20°C, 25°C, 35°C and
45°C for Dowtherm 4000 in Figure 11. As was observed for the pure ethylene glycol, at a fixed Reynolds number
the Nusselt number increases with a decrease in inlet temperature. The maximum difference of Nu can be seen at Re
≈ 43 in our experimental range. At Re=30, the Nusselt number at a liquid feeding temperature of 20°C is around
1.4 times of that at 35°C, and is roughly 1.8 times of that at 45°C, which is slightly smaller than that observed for
pure ethylene glycol in Figure 8. Moreover, by comparing Figure 9 and Figure 11, it can be seen that the heat
transfer behavior is also sensitive to the liquid feeding temperature within the range of 20°C ~ 25°C, when plotted
nondimensionally.

Figure 11: Nusselt versus Reynolds number for Dowtherm at inlet temperatures of 20°C, 25°C, 35°C and 45°C.

4. CONCLUSIONS
The falling-film heat transfer behavior for a liquid falling over horizontal round tubes is investigated at various
liquid feeding temperatures from 20°C to 45°C for three different fluids: distilled water, pure ethylene glycol and
Dowtherm 4000. The heat transfer coefficient variations with liquid mass flow rate and inlet temperature are
explored, using several representations of the data. The Nusselt number behavior with the film Reynolds number is
also studied. It is observed that the inlet fluid temperature has an impact on the heat transfer coefficient when the
liquid viscosity is sensitive to temperature (an 11% and 16.2% increase in h for pure ethylene glycol and Dowtherm
4000 with temperatures from 20°C to 45°C, respectively). However, for water, which has about a 20 times smaller
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viscosity dependence on temperature, there is almost no effect. The liquid feeding temperature effects on Nusselt
number are significant when plotted against the film Reynolds number. The Nusselt number decreases with an
increased liquid feeding temperature due to the fluid property variations associated with the temperature. At Re ≈
600, the Nusselt number increase is around 50% with a decreased liquid feeding temperature from 45 °C to 20 °C
for water. For pure ethylene glycol and Dowtherm 4000, the Nusselt number increases about 100% and 80% with a
decreased liquid feeding temperature from 45 °C to 20 °C at Re ≈ 30, respectively.

5. NOMENCLATURE
Ar
cp
d
Ga
g
h(,z)
h
k
Nu(,z)
Nu
Pr
q
Re
s
T







Archimedes number, d3g/2
liquid specific heat
tube diameter
Galileo number,  3 /  4 g
gravitational acceleration
local heat transfer coeff.
average heat transfer coeff.
liquid thermal conductivity
loc. Nusselt no.(2/g)1/3h(,z)/k
average Nusselt number
Prandtl number, cp/k
heat flux
Reynolds number 2
tube spacing
liquid temperature
Mass flow rate per unit length
dynamic viscosity
liquid kinematic viscosity
density
surface tension

(-)
(kJ/kg.K)
(m)
(-)
(m/s2)
(W/m2. K) (see Eq. 5)
(W/m2. K)
(W/m.K)
(-) (see Eq. 6)
(-)
(-)
(W/m2)
(-)
(m)

Subscripts
in
inlet
o
tube outer surface

(kg/m)
(kg/m.s)
(m2/s)
(kg/m3)
(N/m)
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